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Abstract
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The C-type Allatostatins (C-ASTs) are a family of highly pleiotropic arthropod neuropeptides. In
crustaceans, transcriptomic/mass spectral studies have identified C-ASTs in the nervous systems
of many species; the cellular distributions of these peptides remain unknown. Here, the
distribution of C-AST was mapped in the nervous system of the copepod Calanus finmarchicus,
the major contributor to the North Atlantic’s zooplanktonic biomass; C-AST-immunopositive
neurons were identified in the protocerebrum, in several peripheral ganglia associated with feeding
appendages, and in the ganglia controlling the swimming legs, with immunopositive axons present
throughout the ventral nerve cord. In addition, axons innervating the dorsal longitudinal and
ventral longitudinal muscles of the body wall of the metasome were labeled by the C-AST
antibody. While the distribution of C-AST-like immunoreactivity was similar between sexes,
several differences were noted, i.e. two pair of somata located at the deutocerebral/tritocerbral
border in males and immunopositive fibers that surround the genital opening in females. To place
the C-AST-like labeling into context with those of several previously mapped peptides, i.e. A-type
allatostatin (A-AST) and tachykinin-related peptide (TRP), we conducted double-labeling studies;
the C-AST-like immunopositive neurons appear distinct from those expressing either A-AST or
TRP (and through extrapolation, pigment dispersing hormone). Collectively, our data represent the
first mapping of C-AST in crustacean neural tissue, show that sex-specific differences in the
distribution of C-AST exist in the C. finmarchicus CNS, and suggest that the peptide may be
involved in the modulation of both feeding and postural control/locomotion.
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1. Introduction
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Modulation of physiology and behavior is a major contributor to an organism’s ability to
adapt to environmental and anthropogenic challenges. In most animals, peptides represent
the largest and most diverse class of these signaling agents (Kastin, 2006). In decapod
crustaceans, numerous studies have focused on elucidating the complements of and
physiological roles served by native peptides (e.g. Fu et al., 2005; Fu et al., 2007; Stemmler
et al., 2007; Dickinson et al., 2008; Ma et al., 2008; Dickinson et al., 2009; Ma et al., 2009a;
Ma et al., 2009b; Stevens et al., 2009; Christie et al., 2010a; Ma et al., 2010). In contrast,
relatively little is known about the identity or functional roles served by peptide modulators
in members of the lower crustacean taxa (Christie et al., 2008; Sousa et al., 2008; Gard et al.,
2009; Christie et al., 2010b), this despite the fact that these animals function as keystone
species in many aquatic ecosystems (e.g. Martin-Creuzburg et al., 2005; Hill et al., 2006;
Ducklow et al., 2007; Smith et al., 2007; Wagner and Benndorf, 2007; Provan et al., 2009).
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Calanus finmarchicus is a copepod crustacean that serves as the primary contributor to the
zooplanktonic biomass of the North Atlantic. Given its abundance and trophic position, this
species is of extreme importance to the continued existence of many important fisheries, as
well as to the survival of many critically endangered marine mammals, e.g. the North
Atlantic right whale (e.g. Stone et al., 1988; Murison and Gaskins, 1989; Woodley and
Gaskins, 1996). While much work has focused understanding the basic biology, life history
and ecology of C. finmarchicus (e.g. Wishner et al., 1995; Tande and Miller, 1996; Wiebe et
al., 2001), little is known about peptidergic control in this species; at present only three
peptide modulators have been investigated in C. finmarchicus: A-type allatostatin (A-AST;
Christie et al., 2008), pigment dispersing hormone (PDH; Sousa et al., 2008) and tachykininrelated peptide (TRP; Sousa et al., 2008). Interestingly, during an ongoing expressed
sequence tag (EST) project (Christie et al., 2009), one C. finmarchicus transcript (accession
no. FK867612) was identified and annotated as putatively encoding a somatostatin receptorlike protein. While no authentic somatostatins have been found in arthropods, the C-type
allatostatins (C-ASTs), a family of peptides characterized by a pyroglutamine blocked
amino (N)-terminus, the unblocked carboxyl (C)-terminus –PISCF, and a disulfide bridge
between two internal Cys residues (Stay and Tobe, 2007), have been proposed as the
invertebrate counterpart of this vertebrate family (Veenstra, 2009); both peptide groups
share some sequence similarity, have been implicated in the control of growth and
development, and are generally inhibitory in their bioactivity (Veenstra, 2009). Thus, given
the possible existence of a somatostatin-like receptor in C. finmarchicus, we became
interested in investigating whether or not C-AST-like peptides are present in the nervous
system of this species, and, if present, what functional roles these molecules might serve in
the physiological control of this copepod.
Here, we report the results of immunohistochemical experiments mapping the distribution of
C-AST-like peptides in the C. finmarchicus nervous system. As our results will show, one or
more peptide immunologically-related to the C-AST family was detected in the copepod
nervous system. While the distribution of C-AST-like immunoreactivity was similar in both
males and females, several sex-specific differences were noted. Moreover, double-labeling
experiments suggest that the C-AST-expressing neurons of C. finmarchicus are distinct from
those expressing A-AST, PDH and TRP, and, based on their location within the nervous
system, may contribute to the modulation of both feeding and postural control/locomotion in
this species.
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2. Materials and methods
2.1. Animals
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C. finmarchicus were collected during June and July (2009) using oblique net tows through
the upper 100 meters of water near Mount Desert Rock in the Gulf of Maine. All animals
were maintained on a 11 hour:13 hour light-dark cycle at densities of approximately 15
individuals per liter in jars of filtered seawater at 8°C, and were fed twice weekly on a diet
of Phyto-Feast Premium (Reed Mariculture, Campbell, CA; catalog #PFC-MED). Animals
were sorted by sex and developmental stage; sex determination and developmental staging
was done using descriptions provided in Mauchline (1998). The early June tow consisted
primarily of last-stage (C5) copepodids and adults, with females predominating males,
whereas the July tow garnered copepodites of younger developmental stages (C2-adults).
2.2. Immunohistochemistry
2.2.1. Antibodies

NIH-PA Author Manuscript

2.2.1.1. Primary antibodies: For the detection of C-AST-like peptides, a rabbit polyclonal
antibody generated against Manduca sexta allatostatin-C conjugated via 1-ethyl-3-(3dimethylaminopropyl) carbodiimide (EDC) to keyhole limpet hemocyanin (Audsley et al.,
1998; a kind gift from Dr. Robert Weaver [Central Science Laboratory, Sand Hutton, York,
UK]) was used at final dilutions ranging from 1:100-1:300; no differences in labeling were
noted between the different dilutions (data not shown). For the detection of A-AST-like
peptides, a mouse monoclonal antibody (clone 5F10; purchased from the Developmental
Studies Hybridoma Bank, University of Iowa, Department of Biology, Iowa City, IA)
generated against the cockroach Diploptera punctata peptide APSGAQRLYGFGLamide
conjugated to bovine serum albumen via glutaraldehyde (Stay et al., 1992; Woodhead et al.,
1992) was used at a final dilution of 1:100. For the detection of TRPs, a rat monoclonal
antibody (clone NC1/34 HL; purchased from Abcam Incorporated, Cambridge, MA; catalog
# ab6338) generated against RPKPQQFFGLMamide (substance P) conjugated to bovine
serum albumen via EDC (Cuello et al., 1979) was used at a final dilution of 1:500. For the
detection of acetylated-α-tubulin, a mouse monoclonal antibody (clone #6-11B-1; purchased
from Santa Cruz Biotechnology, Inc., Santa Cruz, CA; catalog #SC-23950) generated
against the outer arms of Strongylocentrotus purpuratus (sea urchin) sperm axonemes was
used at a final concentration of 1:50.
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2.2.1.2. Secondary antibodies: Visualization of C-AST-like labeling was accomplished
using donkey anti-rabbit IgG conjugated with Alexa Fluor 488 (Molecular Probes, Eugene,
OR; catalog #A-11008) or Alexa Fluor 594 (Molecular Probes; catalog #11012).
Visualization of the TRP-like labeling was accomplished using donkey anti-rat IgG
conjugated with either Alexa Fluor 488 (Molecular Probes; catalog # 21208) or Alexa Fluor
594 (Molecular Probes; catalog # 21209). Visualization of A-AST-like and acetylated-αtubulin-like labeling was accomplished using donkey anti-mouse IgG conjugated with either
Alexa Fluor 488 (Molecular Probes; catalog #21202) or Alexa Fluor 594 (Molecular Probes;
catalog #21203).
2.2.1.3. Anti-C-AST specificity controls: The A-AST and substance P antibodies have
each been used previously to map the distribution of their respective antigen (or related
ones) in the C. finmarchicus CNS and their specificities for these antigens in this tissue
demonstrated (Christie et al., 2008; Sousa et al., 2008). The acetylated-α-tubulin antibody
has been used extensively to map the distribution of this protein in a number of crustaceans
(e.g. Semmler et al., 2008; Brenneis and Richter, 2010), including C. finmarchicus (Orcine
and Hartline, 2010); while not directly tested for C. finmarchicus, the specificity of this
monoclonal antibody for acetylated-α-tubulin has demonstrated in many species (for a
Gen Comp Endocrinol. Author manuscript; available in PMC 2011 June 1.
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detailed description of the antibody’s specificity readers are referred to
http://datasheets.scbt.com/sc-23950.pdf). However, as our study is the first to use the C-AST
antibody on C. finmarchicus neural tissue, preadsorption controls were conducted to assess
the specificity of its labeling. Specifically, the C-AST antibody was incubated for 2 hours at
room temperature with a 10−4 M concentration of pQIRYHQCYFNPISCF (the only known
crustacean C-AST; Ma et al., 2009b; Stemmler et al., 2010) prior to its application to tissue.
This preadsorption blocked all C-AST-like immunoreactivity in the C. finmarchicus nervous
system (n=5 adults; data not shown).

NIH-PA Author Manuscript

2.2.2. Wholemount labeling—Immunohistochemistry was done as wholemounts as
described previously (Christie et al., 2008; Sousa et al., 2008). In brief, the dorsal cuticle,
digestive tract, and musculature overlying the ventral nerve cord (VNC) were removed by
manual microdissection in either chilled (approximately 4°C) physiological saline
(concentration in mM: 440 NaCl; 11 KCl; 13 CaCl2; 26 MgCl2; 10 HEPES acid; pH 7.4
[adjusted with NaOH]) or filtered seawater. Dissected animals were then fixed for 12-24
hours at 4°C in a solution of 4% paraformaldehyde (EM grade; Electron Microscopy
Sciences, Hatfield, PA; catalog #15710) in 0.1 M sodium phosphate (P) buffer (pH 7.4),
after which they were rinsed five times at one-hour intervals in a solution of P containing
0.3% Triton X-100 (P-Triton) and then incubated for approximately 72 hours in primary
antibody (see 2.2.1.1) diluted to a final working concentration in P-Triton containing 10%
normal donkey serum (NDS; Jackson ImmunoResearch, West Grove, PA; catalog
#017-000-121). After incubation in primary antibody, preparations were again rinsed five
times at one-hour intervals in P-Triton and then incubated overnight in fluorescently-labeled
secondary antibody (see 2.2.1.2) diluted to a final concentration of 1:300 in P-Triton
containing 10% NDS. After secondary antibody incubation, preparations were rinsed five
times at one-hour intervals in P and then mounted between a glass microscope slide and
coverslip using either Vectashield Mounting Medium (Vector Laboratories, Inc.,
Burlingame, CA; catalog #H-1000) or Vectashield containing DAPI (Vector Laboratories;
catalog #H-1200). Incubations in both primary and secondary antibody were conducted at
4°C, while all rinses were done at room temperature (approximately 18°C). Secondary
antibody incubation was conducted in the dark, as was all subsequent processing.
In all double-labeling experiments, both primary antibodies were applied to the tissue as a
mixture, as were the secondary antibodies used for their visualization.

NIH-PA Author Manuscript

2.2.3. Epifluorescense and confocal microscopy—Data were collected and digital
images were generated using a Zeiss Axiovert 200 epifluorescent microscope (Carl Zeiss
MicroImaging Inc., Thornwood, NY) or an Olympus Fluoview 1000 confocal system
(Olympus America, Center Valley, PA). The Axiovert 200 was equipped with EC PlanNEOFLUAR 10x/0.3, LD Plan-NEOFLUAR 20x/0.4, and LD Plan-NEOFLUAR 40x/0.6
objective lenses (all dry), an EXFO X-Cite Series 120 halide arc lamp (EXFO Photonic
Solutions Inc., Mississauga, Ontario, Canada) and standard Zeiss FITC, Rhodamine and
DAPI filter sets. The Olympus Fluoview 1000 confocal system consisted of an Olympus
IX-81 inverted microscope, 10x/0.4 UPlanSApo, 20x/0.5 UPlanFLN, and 40x/0.95
UPlanSApo objective lenses (all dry) and HeNe and multi-Ar lasers, as well as
manufacturer-supplied Alexa Fluor 488, Alexa Fluor 594 and DAPI filter sets and imageprocessing software.
2.3. Figure production
For the production of figures, digital images were exported from the Olympus confocal
system as .tiff files. Figures were produced from the exported files using Photoshop (version
7.0; Adobe Systems Inc., San Jose, CA) and/or CorelDraw software (version 11.0; Corel
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Corporation, Mountain View, CA). It should be noted that the contrast and brightness of the
final figures were adjusted as needed to optimize the clarity of the printed images.
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3. Results
3.1. Anatomical nomenclature of C-AST-like immunopositive structures in the C.
finmarchicus nervous system

NIH-PA Author Manuscript

The locations of peptidergic structures in the C. finmarchicus nervous system reported in
several previous studies (Christie et al., 2008; Sousa et al., 2008) were based on major
structural features that were visible through the fluorescent background of the
immunolabels, e.g. the mandibles and the oesophagus, and/or scaling to a map of the C.
finmarchicus central nervous system produced from transverse serial sections of the animal
by Lowe (1935). Recently, an antibody generated against acetylated-α-tubulin was shown to
label all fiber tracts and neuropil regions of central nervous system of C. finmarchicus
(Orcine and Hartline, 2010). The pairing of this antibody with others in double-labeling
studies, in combination with Lowe’s schematic reconstruction of the C. finmarchicus
nervous system, allows for a much more refined mapping of immunopositive structures in
the nervous system of this species than was available previously, and we have used this
methodology to ascribe locations to the C-AST-like labeling reported here. An example of a
C-AST/acetylated-α-tubulin double-labeled preparation (counter stained with DAPI to
reveal nuclei) is shown in Figure 1. With one notable exception, the identification of a
maxillipedal basal ganglion (MBG), the structures labeled by the acetylated-α-tubulin
antibody correspond well to those described by Lowe (1935). Interestingly, every adult
possessed C-AST-immunopositive somata in the MBG; these somata projected axons into
the nerve cord at the level of the maxilliped ganglion (Fig. 2C). A lack of description of the
MBG by Lowe (1935) is not totally unexpected, as she did not follow all nerves laterally in
her serial reconstruction of the C. finmarchicus central nervous system.
3.2. Distribution of C-AST-like immunoreactivity in the adult C. finmarchicus nervous
system

NIH-PA Author Manuscript

As stated in Section 2.2.1.1, the distribution of C-AST-like immunoreactivity in the nervous
system of C. finmarchicus was mapped using an antibody generated against Manduca sextaAST-C (Audsley et al., 1998), which is nearly identical in structure to that of
pQIRYHQCYFNPISCF (disulfide bridging between the two Cys residues), the only isoform
of C-AST thus far identified in crustaceans (Ma et al., 2009b; Stemmler et al., 2010). In our
study, fifty-four adults (22 males, 32 females) were labeled with this antibody. Of these
animals, 75% of the females and 68% of the males showed clear immunolabeling in the
nervous system; incomplete or no labeling was seen in the remaining preparations, likely a
result of poor antibody penetration due to an incomplete removal of the dorsal cuticle,
digestive tract, and/or musculature overlying the nervous system. The descriptions of the
immunoreactivity presented below were compiled using only those preparations that showed
clear labeling. It should be noted that, as stated in Section 3.1, the anatomical nomenclature
for ganglia and nerves was based on both Lowe’s (1935) description of the anatomy of the
C. finmarchicus nervous system, which was derived from a serial reconstruction of light
micrographs, and on a data presented by Orcine and Hartline (2010), where acetylated-αtubulin immunolabeling was used to visualize the axon tracts and neuropil regions of C.
finmarchicus central nervous system.
In adult stage C. finmarchicus, numerous reidentifiable structures were routinely labeled by
the C-AST antibody. Within the protocerebrum (PC), three pair of somata (PCC-AST; Figs. 1
and 2A-B) were commonly seen in both males and females. These cell bodies were typically
12-16 μm in diameter, and sent axonal projections into the deutocerebrum (DC), where
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several of the neurites cross and form a midline neuropil, which was characterized by the
presence of large, bleb-like varicosities. The PCC-AST neurons also appeared to send
projections around the oesophagus, with some small neurites projecting from them into the
oesophageal tissue, or possibly, to the labral gland on the ventral surface of the brain. From
the oesophageal regions, the PCC-AST projections continued posteriorly in the VNC,
traveling in this direction at least to the level of the maxillule. Interestingly, as shown in the
individual in Figure 1, a fourth pair of PCC-AST somata was also present (arrow in Fig 1A)
in some animals (n =3). These cell bodies were located anterior to the other PCC-AST
somata, and were bipolar, extending one axon anteriorly into the frontal nerve, and one
posteriorly to an as of yet uncharacterized location. In addition to the PCC-AST projections,
several axons in the antennular nerve (dashed arrow in Fig. 2B) also exhibited C-AST-like
immunoreactivity; these fibers projected from the antennular nerve posteriorly, from the PC
to the DC. The somata from which these axons are derived seem likely to reside in the first
antennular segment, possibly from sensory neurons, (see also Fig. 1A), however, our
dissection method rarely permitted access of the antibody into appendages (n=2 females),
and thus this attribution is currently conjecture. It should be noted that in the female shown
in Figure 1, C-AST-like labeling was also present in several fibers located in the
tritocerebral commissure, and an anterior and posterior commissure surrounding the
mandibular teeth (arrowheads). In addition, in males, there was weak staining in two pair of
somata (see schematic, Fig. 5) located at the border of the posterior DC/anterior
tritocerebrum (TC). These cell bodies projected posteriorly, around the oesophagus; no
immunopositive somata were seen at the DC/TC border in any female. Other than
immunopositive fibers that surrounded the female genital opening (arrows in Fig. 2A), the
male-specific DC/TC somata were the only difference in staining noted between the sexes
anywhere in the C. finmarchicus nervous system.
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Posterior to the TC, several ganglia associated with the VNC contained C-AST-like
immunopositive somata. Specifically, in what Lowe (1935) defines as the maxillulary oval
basal ganglia, a set of 6-9 somata (MOBGC-AST; Fig. 2B) were routinely labeled by the CAST antibody. These cell bodies, typically 10-15 μm diameter, had unilateral projections
into the VNC, where roughly half traveled for approximately 200 μm anteriorly, innervating
the gut or labral gland; the remaining MOBGC-AST axons projected posteriorly to the
commissure region formed by neurons originating from the maxillar elongated basal
ganglion (MEBGC-AST). Within the MEBGC-AST itself, 6-14 somata (MEBGC-AST; Fig. 2C)
exhibited C-AST-like immunoreactivity. These somata, like the MOBGC-AST cell bodies,
ranged from about 10-15 μm diameter, and projected axons into the VNC at the level of the
maxillar ganglion. These immunopositive fibers either cross the midline immediately upon
entering the VNC, or extend anteriorly to the maxillulary ganglion, then loop back
posteriorly continuing down the lateral part of the posterior VNC to the end of the
metasome. In addition, at least three C-AST-like immunoreactive somata (MBGC-AST),
again approximately 10-15 μm in diameter (solid circle in Fig. 2C), were routinely seen in
the maxillipedal basal ganglion (MBGC-AST). Axons from the MBGC-AST extended
anteriorly to the maxillar commissure region, but could not be followed further. In the
posterior VNC, a pair of cell bodies (12-18 μm in diameter) corresponding to each of the
swimming leg ganglia (T2-6C-AST; white and black circles in Fig. 2D) exhibited C-AST-like
immunolabeling. Axons from these somata send projections into the ventral longitudinal
muscles (VLMn, Fig. 5)
In addition to the neurons present in the CNS, several peripherally-located C-AST-like
immunopositive structures were identified in adult C. finmarchicus. These included a long
neurite or group of neurites that could be visualized on the entire medial portion of the
ventral longitudinal muscles (arrow in Fig. 2C); the origin for this fiber tract was the somata
in each thoracic segment as described above. Another set of C-AST immunoreactive
Gen Comp Endocrinol. Author manuscript; available in PMC 2011 June 1.
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peripheral somata (DLMC-AST; approximately 15μm diameter), likely sensory neurons due
to their bipolar morphology, was found in muscles extending from the ventral body wall up
to the dorsal surface in each metasome segment (Fig. 2D; T2 shown). These neurons entered
into the VNC through the newly described intersegmental dorsal longitudinal nerve (DLMn;
Hartline and Orcine, 2010).
3.3. C-AST labeling in the nervous systems of C3-C5 copepodid developmental stages
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In addition to adult C. finmarchicus, we also examined C-AST-like immunolabeling in
several developmental stages of this species. Due to their small size, no attempt was made to
examine any embryonic or early-stage (N1-N3) nauplii. Immunohistochemistry was
attempted on several late-stage (N4-N6) nauplii, as well as on C1-C2 copepodids. Here,
considerable variability was seen between preparations, and due both to the small number of
animals that survived the immunolabeling process and potential issues with antibody
penetration in those that did (we were unable to remove much of the dorsal cuticle in these
tiny animals), the data generated from them has been excluded from this study. Thus, the
earliest stage for which we present a description of the distribution of C-AST
immunoreactivity is the C3 copepodid (n = 4; Fig. 3C). Here, three pair of PCC-AST somata
were labeled by the C-AST antibody in at least some (2 of 4) preparations, as were axonal
projections past the maxillar ganglion, a pattern similar to that seen in the adult (at least in 2
of the 4 preparations examined). C-AST-like staining in both the C4 (n = 4; Fig. 3D) and C5
(n = 27; data not shown) copepodids were essentially identical to that seen in the adult and
was consistent between preparations at these stages.
3.4. Comparison of C-AST-like labeling with those for other neuropeptides
As stated in Section 1, the distributions of A-AST-, PDH- and TRP-like peptides were
mapped in the nervous system of C. finmarchicus in two earlier studies (Christie et al., 2008;
Sousa et al., 2008). While the PDH antibody, like that for C-AST, was generated using
rabbit as a host species, the A-AST and TRP antibodies are mouse and rat monoclonals,
respectively, and thus could be paired with the C-AST serum to directly assess the extent of
co-localization of these peptides. For both the C-AST/A-AST (Fig. 4A) and C-AST/TRP
(Fig. 4B) pairings, no overlap in any structure was noted (n=6 for each pairing). A schematic
diagram of the C. finmarchicus nervous system showing the distribution of the C-ASTimmunopositive neurons, as well as those labeled by A-AST and TRP antibodies, is
presented as Figure 5.

4. Discussion
NIH-PA Author Manuscript

4.1. Immunohistochemical evidence for C-AST-like peptides in C. finmarchicus
As stated in the Introduction, the C-AST family of peptides is characterized by a
pyroglutamine blocked amino N-terminus, the unblocked C-terminus –PISCF, and a
disulfide bridge between two internal Cys residues (Stay and Tobe, 2007), e.g.
pQVRFRQCYFNPISCF (Manduca sexta AST-C), the first member of this peptide family to
be identified (Kramer et al., 1991). Authentic C-ASTs were long thought to occur only in
holometabolous insects (Stay and Tobe, 2007), i.e. ones undergoing a complete
metamorphosis. However, with the advent of transcriptome/genome mining, and subsequent
mass spectral analyses, authentic C-ASTs have recently been predicted/detected from a
broad array of arthropods, including hemimetabolous insects, crustaceans and chelicerates
(Ma et al., 2009b; Veenstra, 2009; Weaver and Audsley, 2009; Stemmler et al., 2010). In
addition, several C-terminally amidated peptides with structural similarity to the C-ASTs,
e.g. SYWKQCAFNAVSCFamide, have recently been identified and shown to be broadly
conserved within the Arthropoda (Hummon et al., 2006; Dickinson et al., 2009; Ma et al.,
2009b; Veenstra, 2009; Weaver and Audsley, 2009). In fact, Veenstra (2009) suggests that
Gen Comp Endocrinol. Author manuscript; available in PMC 2011 June 1.
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all arthropods possess two C-AST-like peptides, encoded by paralog genes, and, based on
structure and function, that the C-AST superfamily is the invertebrate counterpart to the
vertebrate somatostatins (Veenstra, 2009).
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In crustaceans, the C-AST isoform pQIRYHQCYFNPISCF has been predicted/detected
from numerous decapod species (Ma et al., 2009b; Stemmler et al., 2010). Likewise the CAST-like peptide SYWKQCAFNAVSCFamide has been identified by transcriptome
mining/mass spectrometry in a wide array of decapods (Dickinson et al., 2009; Ma et al.,
2009b), as well as in two daphnids (Gard et al., 2009; Christie et al., 2010b). While it is
clear that the C-ASTs are broadly conserved in members of this arthropod subphylum
(Dickinson et al., 2009; Gard et al., 2009; Ma et al., 2009b; Christie et al., 2010b; Stemmler
et al., 2010), the cellular distribution of members of this peptide family remained unknown.
Here, we used immunohistochemistry to assess the presence and distribution of the C-AST
in the copepod C. finmarchicus. As our results detailed, immunoreactivity was found to be
widely distributed within the nervous system of this species, strongly supporting the
existence of C-AST-like peptides in this animal. Moreover, the immunohistochemical
detection of C-AST in C. finmarchicus expands the list of crustaceans for which there is
evidence of this peptide group to a second lower crustacean taxon, i.e. the Maxillopoda (the
daphnids and the decapods represent the crustacean classes Branchiopoda and Malacostraca,
respectively). In addition, our data show that an antibody generated against an insect C-AST
isoform (Manduca sexta AST-C) provides a useful tool for investigating the distribution of
C-AST-like peptides in other crustacean species.
4.2. The location and appearance of immunopositive structures suggest C-AST functions
as both a locally-released paracrine and as a circulating hormonal in C. finmarchicus
In crustaceans, as in many animals, neuropeptides can exert their actions as locally-released
autocrines/paracrines or as circulating hormones (e.g. Christie et al., 1995; Marder et al.,
1995). Research from many laboratories has shown that, in at least the decapods, most
neuropeptides are likely to function as both locally-released transmitters/modulators and as
circulating hormones (e.g. Christie et al., 1995; Marder et al., 1995), as they are present in
both central neuropil/at neuromuscular junctions and in neuroendocrine organs. In C.
finmarchicus, C-AST-like immunoreactivity was detected in fibers that appear to innervate a
number of muscle groups and/or possibly the labral gland, as well as in what appear to be
regions of central neuropil, suggesting the possibility of local paracrine modulation at these
sites. In addition, large bleb-like varicosities were noted in the DC region of the brain,
reminiscent of endocrine release terminals, suggesting the possibility of hormonal release.
Thus, it seems likely that the C-ASTs in C. finmarchicus too function as both locallyreleased and circulating modulators of physiology and behavior.
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4.3. A modulatory role for C-AST-like peptides in feeding and locomotion
As their name implies, the C-AST family of peptides have been demonstrated to suppress
the production of juvenile hormone by the corpora allata in at least some species of insects
(Stay and Tobe, 2006; Audsley et al., 2008; Audsley and Weaver, 2009; Weaver and
Audsley, 2009). However, given their distribution in insect tissues, it is likely that they are
highly pleiotropic, and in many species, may well not be a primary contributor to the
inhibition of juvenile hormone production, if they are involved in its regulation at all (Stay
and Tobe, 2006; Audsley et al., 2008; Audsley and Weaver, 2009; Weaver and Audsley,
2009). In crustaceans, while limited, recent studies have shown that the C-ASTs are both
cardioactive (Dickinson et al., 2009) and modulate the motor output of the foregut (Ma et
al., 2009b). In our study, the distribution of C-AST-like immunoreactivity in C.
finmarchicus suggests that this group of peptides may be involved in the regulation of
feeding, as innervation to both the oesophagus and feeding appendages was noted. Likewise,
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innervation of the longitudinal muscles of the metasome and sensory input from each
thoracic segment suggests that the C-ASTs are likely to contribute to postural control/
locomotion in this copepod.
4.4. Sex and stage-specific differences in C-AST expression
In our study, we noted both the sex (in adults) and stage of all individuals that were
examined. For adult animals, the vast majority of structures labeled by the C-AST antibody
were present in both sexes. This said, there were two structures that exhibited sex-specific
staining. First, in females, immunopositive fibers surrounding the genital opening were
noted; no immunoreactivity was seen in the genital region in males. In addition, in males,
two pair of somata located at the DC/TC border expressed weak C-AST-like labeling. With
respect to the former localization, it seems likely that peptide may be involved in a femalespecific aspect of reproductive control. Given the paucity of data on the identity of
individual neurons in the C. finmarchicus, it is too early to attempt to ascribe function to the
putative male-specific labeling present in brain.
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A developmental time-course was attempted to assess stage-specific changes in the
distribution of C-AST-like peptides in C. finmarchicus. Due to the size of the animals, no
immunohistochemistry was attempted on either embryonic or early naupliar (N1-N3) stages.
While we did attempt to stain late stage nauplii (N4-N6) and early copepodids (C1-C2), few
of these animals survived the immunolabeling process and those that did, were potentially
compromised by antibody penetration issues. Thus, interpretable data was obtained only
from C3-C5 copepodids. From these animals, it is clear that an adult-like distribution of CAST expression is at least developing by the C3 copepodid stage and is stable by C4.
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Figure 1.
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C-type Allatostatin (C-AST)-like immunolabeling in the context of the overall nervous
system and cell nuclei in adult Calanus finmarchicus. In order to properly characterize CAST-like labeling (A), this immunoreactivity was complimented by processing using an
antibody (acetylated-α-tubulin [B]) known to label nervous system tissue, as well as a stain
(DAPI [C]) specific for cell nuclei and autofluorescent structures (e.g. mandible teeth, mnd;
oesophagus, oes in [C]). (D) Merged images (A-C) revealed the location of C-ASTexpressing somata and neurites/axons within the nervous system, as described in Figure 2.
All nervous system features were previously characterized (Lowe, 1935), except the
maxillipedal basal ganglion (shown in Fig. 2). (A) Some animals had variations in C-AST
expression including an additional pair of protocerebral (PC) somata (arrow) with neurites
extending anterior in the frontal nerve, dense staining dorsal to the antennal nerve (dashed
circle), and commissures anterior and posterior to the mandible (arrowheads). Scale bars are
100μm. Images are all from the same preparation at the brightest pixel projections of 11, 14,
and 13 optical sections (collected at 3μm intervals). For each optical section, the
fluorochromes were imaged sequentially.
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Figure 2.
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Detailed characterization of C-type allatostatin (C-AST)-like immunoreactivity in the adult
nervous system. (A) C-AST-like immunoreactivity in the central nervous system from the
anterior protocerebrum to the mid-urosome segments in the teleson. Arrows indicate CAST-like immunoreactive neurites that surrounded the genital openings of the female sex
organs. Insets for B, C, and D are indicated by squares from top to bottom respectively. (B)
C-AST-like staining in the cephalosome of C. finmarchicus reveals three pair of
protocerebral (PC) neurons (dashed circle, PCC-AST) that send projections to the
deutocerebrum (DC) with midline neuropil also labeled (solid arrow). In two preparations,
some neurites in the antennular nerve (dashed arrow) were also C-AST-like
immunoreactive. The PC neurons send projections around the oesophagus (oes) and
continue posteriorly at least to the level of the maxillule (MU). (C) Posterior to the
tritocerebrum (TC), several ganglia lateral to the main nerve tracts had C-AST containing
cells including the maxillulary oval basal ganglion (MOBGC-AST; one cell body shown in
solid circle [B], but up to 6-9 neurites), the maxillar elongated basal ganglion (MEBGC-AST;
dashed circles, [C]), and the maxillipedal basal ganglion (MBGC-AST solid circle, [C]).
Projections from these lateral basal ganglia come into their respective neuromeres
(maxillule, MU; maxilla, MX; maxilliped, MP) and then project to various locations (see
Results), but appear to mainly form a prominent commissure or extend anteriorly to the MU,
then loop back posteriorly continuing down the lateral part of the posterior ventral nerve
cord (VNC) to the end of the metasome. (D) In the posterior VNC, a pair of cell bodies was
stained with C-AST-like immunolabeling in each of the swimming legs (T2-T6C-AST; T2,
white circle; T3, black circle; T4 and T5 in [A]). These somata sent projections into the
ventral longitudinal muscles (VLM; anterior part in (C) and see also Fig. 5), where some
formed a fascicle along the entire length of the muscle group. Another immunoreactive
bipolar neuron had a projection up to the dorsal surface and entered the VNC via the
intersegmental dorsal longitudinal nerve in each metasome segment (DLMC-AST; 1st
segment shown). Scale bars are 250 μm in (A), 100 μm in (B). The projections in (A) consist
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of 33, 34, and 33 optical sections each (collected at 4.5μm intervals) while those in (B), (C),
and (D) consist of 24, 45, and 25 optical sections (collected at 3 μm intervals).
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Figure 3.

C-type allatostatin (C-AST)-like and acetylated-α-tubulin-like immunoreactivity
complemented by DAPI staining, in developing copepodids. (A, C) Anterior end of a C3
copepodid. Axons from the MBGC-AST are present at the C3 stage (arrow). Somata were not
obvious in this preparation in any of the lateral ganglia, but were present in other animals
(data not shown). (B, D) By C4, the maxillar commissure is well-formed with projections
leading both anterior and posterior from this neuromere. The C-AST-like labeled axons have
become larger and longer. (C, D) Along with C-AST antibody (green), these preparations
were also labeled with the acetylated-α-tubulin antibody (purple) and a DAPI counterstain
(blue) to reveal the nervous system and associated cell nuclei. Scale bars: 50 μm. Images are
at brightest pixel projections of 15 optical sections taken at 0.67 μm intervals.
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Figure 4.
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The relationship between A-type allatostatin (A-AST)-like and tachykinin-related peptide
(TRP)-like immunostaining with C-AST. (A) As shown in a previous study (Christie et al.,
2008), the A-AST antibody immunolabeled (blue) one pair of somata in the maxillary
ganglion (MXA-AST). C-AST-like immunopositive somata and axons (green) showed no
overlap with the MXA-AST. (B) TRP-like immunoreactivity (blue) was found in two pair of
somata in the deutocerebrum (DCTRP), which send projections posterior through the VNC
(Sousa et al., 2008). Again, no overlap of the C-AST-like and TRP-like immunoreactivities
were noted; the yellow color shown in this panel is a false-positive colocalization that is a
result of the superimposition of single-labeled structures whose X-Y coordinates are the
same, but lie at different depths within the tissue (hence the appearance of colocalization in
the projected image). Scale bars 100 μm. Images are all from the same preparation at the
brightest pixel projections of 11 and 24 optical sections respectively (collected at 1.5 and 2.5
μm intervals).
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Figure 5.

Schematic representation of the Calanus finmarchicus nervous system showing the locations
of C-AST-, A-AST-, and TRP-like immunoreactivity. Dorsal view of the nervous system
using acetylated-alpha tubulin as a marker for nerve fiber-containing regions (black lines).
C-AST (green) immunopositive cell bodies (circles; open circles indicate male dimorphism
in DC) and neurite bundles (lines). Pentagons reveal dense staining anterior to A2 and T2
nerves. Subesophageal neurons that immunolabeled with A-AST (blue) or TRP (gold) are
also shown (brain somata not shown). A1, antennular nerve; A2, antennal nerve; DC,
deutocerebrum; DLMC-AST, dorsal peripheral neurons; FN, frontal nerve; MBG,
maxillipedal basal ganglion; MEBG, maxillar elongated basal ganglion; MOBG, maxillulary
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oval basal ganglion; MP, maxilliped; MU, maxillule; MX, maxilla; PC, protocerebrum; T2T6: thoracic neuromeres; TC, tritocerebrum; TCC, tritocerebral commissure; VLMn: ventral
longitudinal muscle nerve tract.
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